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The H3K4me3 demethylase Kdm5a regulates gene
transcription and is implicated in carcinogenesis.
However, the role of Kdm5a in innate immune
response remains poorly understood. Here, we
demonstrate that Kdm5a deficiency impairs activa-
tion of natural killer (NK) cells, with decreased
IFN-g production. Accordingly, Kdm5a/ mice are
highly susceptible to Listeria monocytogenes (Lm)
infection. During NK cell activation, loss of Kdm5a
profoundly impairs phosphorylation and nuclear
localization of STAT4, along with increased expres-
sion of suppressor of cytokine signaling 1 (SOCS1).
Mechanistic studies reveal that Kdm5a associates
with p50 and binds to the Socs1 promoter region in
resting NK cells, leading to a substantial decrease
in H3K4me3 modification and repressive chromatin
configuration at the Socs1 promoter. Thus, Kdm5a
is required for priming activation of NK cells by
suppressing the suppressor, SOCS1. Our study pro-
vides insights into the epigenetic regulation of innate
immune response of NK cells.
INTRODUCTION
Natural killer (NK) cells are cytotoxic effector lymphocytes that
remarkably express IFN-g, one of the hallmarks of NK cell activa-
tion (Vivier et al., 2012). Upon microbial attack, the intensity and
quality of NK cells in the innate immune response depend on
effective differentiation and functional specialization of NK cells
(McCall et al., 2010; Narni-Mancinelli et al., 2013; Smale et al.,
2014). Upon stimulation with IL-12 and IL-18 derived from innate
myeloid cells during pathogen infection, NK cells are activated
by the JAK-STAT signaling pathway and rapidly express IFN-g
(Chaix et al., 2008; Okamura et al., 1998). During NK cell activa-
tion, transcription of IFN-g is induced, accompanied by histone288 Cell Reports 15, 288–299, April 12, 2016 ª2016 The Authors
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However, the epigenetic mechanisms that regulate cytokine-
stimulated signaling pathways during NK cell innate activation
remain poorly defined.
The enrichment of trimethylation of histone 3 lysine 4
(H3K4me3) near the transcription start site (TSS) demarks not
only a transcribed or active promoters but also the ones that
may become active (Ruthenburg et al., 2007; Santos-Rosa
et al., 2002). In mammals, the family of the lysine demethylase
(KDM) of H3K4me3 contains the following four distinct members:
Kdm5a (RBP2/JARID1A), Kdm5b (PLU1/JARID1B), Kdm5c
(SMCX/JARID1C), and Kdm5d (SMCY/JARID1D). Kdm5a,
Kdm5c, and Kdm5d have been shown to act on tri- and di-lysine
4 of histone H3 (H3K4me3/2), but they fail to initiate the demethy-
lation of monomethylated H3K4 in vitro, while Kdm5b seems to
use three as its substrates (Christensen et al., 2007; Iwase
et al., 2007; Klose et al., 2007). Kdm5a is a critical transcriptional
regulator in tumorigenesis and drug tolerance in cancer cells
(Cao et al., 2014; Sharma et al., 2010; Teng et al., 2013; Zeng
et al., 2010). Kdm5a is also highly expressed in the immune cells.
Our previous work showed that H3K4 methyltransferase Ash1l
suppressed interleukin-6 production and inflammatory autoim-
mune diseases by specifically promoting expression of the ubiq-
uitin-editing enzyme A20 (Xia et al., 2013). Considering the
importance of epigenetic regulation in physiology and disease,
the role of Kdm5a in innate immune response needs to be
investigated.
The p50 homodimer can be detected in the nucleus of some
resident cells (Kang et al., 1992; Zhong et al., 2002). Further-
more, the ability of p50 to repress kB-dependent gene expres-
sion also has been demonstrated (Kravtsova-Ivantsiv et al.,
2015; Krawczyk and Emerson, 2014; Wilson et al., 2015; Zhong
et al., 2002). Some studies showed that, although p50
homodimer could compete for the kB binding site with other ho-
modimers or heterodimers of NF-kB family members, this
competitive mechanism is not likely the primary mechanism for
p50 homodimer-mediated gene transcription repression. One
mechanism is that p50 interacts with epigenetic regulators to
form a repressive complex at the gene promoter (Wilson et al.,creativecommons.org/licenses/by-nc-nd/4.0/).
Figure 1. Kdm5a/ NK Cells Are Hypores-
ponsive to Inflammatory Stimulus In Vitro
(A) Kdm5a+/+ and Kdm5a/ splenocyte sus-
pensions were stimulated with PMA plus ion-
omycin, and the frequencies of IFN-g-producing
CD4+ T and NKp46+CD3 NK cells were deter-
mined by flow cytometry (left). IFN-g mean fluo-
rescence intensity (MFI) and average percentage
of IFN-g-producing cells were calculated (right).
These data represent one of three independent
experiments and means ± SD from groups of three
mice.
(B) Kdm5a-+/+ and Kdm5a-/ splenocyte sus-
pensions were stimulated with IL-18 (5 ng/ml) and
various amounts of IL-12 in vitro. The frequencies
of IFN-g-producing cells among NK cells were
determined by flow cytometry. The mean ± SD
from triplicate wells from one representative
experiment of three independent experiments is
shown.
(C and D) The qRT-PCR assay (C) and ELISA (D) of
IFN-g expression of splenicNK cells fromKdm5a+/+
and Kdm5a/ mice, which were stimulated with
25 ng/ml Phorbolmyristate acetate (PMA) plus
500 ng/ml ionomycin and with IL-12 (10 ng/ml) or
with IL-12 plus IL-18 (5 ng/ml) for the indicated time
points in vitro. Data are shown as mean ± SD of
triplicate wells from one representative experiment
of three independent experiments.
ns, non-significant; *p < 0.05 and **p < 0.001,
Student’s t test.2015; Zhong et al., 2002). The cooperative function of p50 and
repressive chromatin modifiers, such as histone demethylases,
remains poorly understood.
Here we demonstrate that H3K4me3 demethylase Kdm5a is
required for the activation of NK cells. Loss of Kdm5a profoundly
impairs IL-12-induced phosphorylation and nuclear localization
of STAT4. Through associating with p50, Kdm5a specifically tar-
gets proximal promoter of Socs1, a repressor of the JAK-STAT
pathway, and maintains a low level of H3K4me3 here in resting
NK cells. Our study provides an epigenetic explanation that
Kdm5a-mediated gene-specific histone demethylation prepares
naive NK cells for effective activation during cell lineage
commitment.
RESULTS
Kdm5a Is Critical for NK Cell Activation
The KDM5 family of demethylases is highly represented in many
immune cells (Wu et al., 2009). To investigate the role of Kdm5a
in controlling innate immune response, we first examined the
expression of Kdm5a in murine immune cells, and we found
that Kdm5a was highly expressed in NK cells, CD4+ T cells,
and B cells (Figures S1A and S1B). Considering the critical role
of NK cells in the innate immune response, we examined
Kdm5a, 5b, and 5c expression in NK cells after stimulation
with IL-12 together with IL-2 or IL-18. There were no significant
changes in the expression of Kdm5a, 5b, and 5c after NK cell
activation (Figures S1C and S1D).
According to our observation of high expression of Kdm5a, an
important chromatin modifier for gene transcription regulation,in NK cells, we assumed that Kdm5a might play an important
role in regulating NK cell activation. We stimulated splenocytes
with phorbolmyristate acetate (PMA) plus ionomycin (iono) or
with IL-12 plus IL-18, andwe found that frequencies of IFN-g-pro-
ducing splenic NK cells and CD4+ T cells were significantly
decreased in Kdm5a/ mice (Figures 1A and 1B). Furthermore,
we stimulated the freshly isolated Kmd5a+/+ and Kdm5a/
splenic NK cells with IL-12, IL-12 plus IL-18, or PMA plus iono,
and we found that the mRNA and protein levels of IFN-g also
were markedly decreased in Kdm5a/ NK cells (Figures 1C
and1D).However, therewere nosignificantdifferencesof theper-
centage and absolute number ofNKp46+CD3NKcells in various
lymphoid tissue (Figures S2A and S2B), and also no significant
changes of the percentages of splenic CD4+ T cells and CD8+
T cells betweenKdm5a/mice andKdm5a+/+ littermate controls
(Figure S2C). These results indicate that Kdm5a is important for
IFN-g production in NK cells activated by cytokine stimulation.
Next, to dissect, in detail, the effect of Kdm5a deficiency on
NK cells, we examined the expression of surface markers of
splenic NK cells, and we found that the mature markers were
not significantly altered in Kdm5a/ mice as compared to litter-
mate controls (Figure S2D). Together, these results indicate that
Kdm5a is not indispensable for the development or maturation of
NK cells, but Kdm5a is critical for activation of NK cells during
innate immune response.
Impaired Resistance of Mice to Listeria Monocytogenes
Infection in the Absence of Kdm5a
During infection with intracellular bacteria Listeria monocyto-
genes (Lm) , myeloid cell-derived IL-12 is a key activator forCell Reports 15, 288–299, April 12, 2016 289
NK cells (Tripp et al., 1993). We challenged Kdm5a+/+ and
Kdm5a/ mice with Lm, and we found marked reductions of
serum IFN-g level and frequency of IFN-g-producing splenic
NK cells in Kdm5a/ mice compared with Kdm5a+/+ littermate
mice (Figures 2A and 2B). IFN-g is crucial in activating macro-
phages to clear intracellular bacteria during innate immune
response. We prepared peritoneal macrophages from mice in-
fected intraperitoneally (i.p.) with Lm, and we found that the
mRNA and protein levels of TNF-a and IL-6 were significantly
decreased in Kdm5a/ mice (Figures 2C and 2D). Then
3 days after infection, Kdm5a/ mice had higher bacterial bur-
dens in both spleen and liver than those in the littermate controls
(Figure 2E), which indicated an impaired ability of macrophages
to Lm infection.
However, Kdm5a deficiency did not cause any changes of
IL-6, TNF-a, NOS2, and IL-12p40 mRNAs in Lm-infected BMM
pre-primed with IFN-g in vitro (Figure S3A). ELISA assays of
IL-6 and TNF-a also showed no differences (Figure S3B). In addi-
tion, we analyzed the percentages of F4/80+CD11b+ peritoneal
macrophages from Kdm5a/ mice and Kdm5a+/+ mice, and
we found that there were no significant differences (Figure S3C).
Although we cannot completely exclude the influence of Kdm5a
deficiency on macrophage function during innate immune
response to infection with Lm, our results indicate that the
decreased IL-6 and TNF-a productions in macrophages were
partially due to impaired IFN-g production in Kdm5a/ mice in-
fected with Lm.
To investigate whether decreased IFN-g was the main reason
for the impaired resistance of Kdm5a/ mice to Lm infection,
we examined the levels of serum TNF-a and IL-6 in mice in-
jected with IFN-g-blocking antibody after infection. Secretions
of TNF-a and IL-6 diminished in Kdm5a+/+ mice injected with
IFN-g-blocking antibody compared to control mice injected
with IgG, but the protein levels of TNF-a and IL-6 were similar
between Kdm5a/ and Kdm5a+/+ mice injected with IFN-g-
blocking antibody (Figures 2F and 2G). These results indicate
that IFN-g plays an important role in priming macrophages in
the early stage of Lm infection. Furthermore, we adoptively
transferred Kdm5a+/+ or Kdm5a/ NK cells into the NK cell-
depleted wild-type C57BL/6 mice by using the specific anti-
body PK136, and then we challenged the mice with Lm. As
shown in Figure 2H, depletion of host NK cells significantly
reduced the serum IFN-g levels in the first 2 days. However,
adoptive transfer of Kdm5a+/+ NK cells rescued the serum
IFN-g levels of the host mice, but adoptive transfer of
Kdm5a/ NK cells did not. The serum TNF-a and IL-6 levels
also were rescued 48 hr after infection (Figure S3D). The effi-
ciency of depletion and post-reconstitution were determined
by frequencies of NKp46+CD3 NK cells in peripheral blood
(PBL) (Figure S3E). In addition, on day 3 after infection, the
mice adoptively transferred with Kdm5a+/+ NK cells had lower
bacterial burdens in both the spleen and liver than those in
the mice transferred with Kdm5a/ NK cells (Figure 2I).
Collectively, these results suggest that the functional differ-
ences between Kdm5a+/+ and Kdm5a/mice against Lm infec-
tion, at least partially, result from impaired NK cell activation and
IFN-g production. Kdm5a can promote NK cell-mediated resis-
tance of mice to Lm at an early stage of infection.290 Cell Reports 15, 288–299, April 12, 2016Impairment of STAT4 Phosphorylation in Kdm5a/ NK
Cells in Response to IL-12 Stimulation
In response to Lm infection, myeloid cell-derived IL-12 rapidly
induces phosphorylation and nuclear translocation of STAT4 to
promote IFN-g expression in NK cells (Orange and Biron,
1996; Thierfelder et al., 1996), and PMA plus iono also could
stimulate STAT4 activation in splenocytes and primary NK
cells (Liu et al., 2006; Wang et al., 1999). Therefore we inves-
tigated the effect of Kdm5a deficiency on the IL-12-induced
phosphorylation of STAT4, and we found that the phosphory-
lation of STAT4 was significantly impaired in Kdm5a/ NK
cells, as demonstrated by intracellular staining within 30 min
in response to IL-12 stimulation (Figure 3A). We also observed
significantly impaired phosphorylation of STAT4 in western
blot assay, while neither the total protein nor phosphorylation
level of Jak2 was changed in Kdm5a/ NK cells (Figure 3B).
Moreover, STAT4 nuclear translocation was also reduced in
Kdm5a/ NK cells in response to IL-12 stimulation
(Figure 3C).
To further highlight the intrinsic role of STAT4 in inducing IFN-g
expression in NK cell stimulation with IL-12 or PMA plus iono, we
also analyzed the frequencies of IFN-g-producing NK cells in the
splenocytes from Stat4+/+ and Stat4/ mice, and we found
significantly reduced IFN-g-producing NK cells in Stat4/
mice as compared to the Stat4+/+ littermate mice (Figure 3D).
These results further confirmed that priming by IL-18 leads to
an improved translation of IFN-gmRNA (Chaix et al., 2008). Addi-
tionally, we examined the phosphorylation of STAT4 in CD4+
T cells and found that phosphorylated STAT4 also was reduced
in Kdm5a/ CD4+ T cells (Figure S4A). These findings further
confirmed the observation of reduced innate immune response
in Kdm5a/ NK cells after Lm infection in vivo, and they also
suggested that Kdm5a deficiency impaired expression of
IFN-g by suppressing STAT4 activation.
Kdm5a Enhances JAK2-STAT4 Signaling by
Suppressing SOCS1 Expression
To reveal the molecular mechanism of impaired cytoplasmic
STAT4 phosphorylation in Kdm5a/ NK cells, we further inves-
tigated whether Kdm5a repressed transcription of a certain
negative regulator of the JAK2-STAT4 pathway through histone
demethylation. We analyzed transcriptome data of Kdm5a+/+
and Kdm5a/ NK cells stimulated with IL-12, and we present
quantitative data of the JAK-STAT pathway-related negative
regulators (Figure 4A). We further confirmed that SOCS1, which
directly suppressed JAK-STAT signaling (Li, 2008; Viant et al.,
2014), was upregulated inKdm5a/NK cells with impaired tran-
scription of IFN-g (Figures 4B and 4C). Furthermore, we checked
the expression of genes that depend on STAT4 activation, and
we found that the mRNA levels of IL-12rb2 and IL-18rap were
decreased in Kdm5a/ NK cells stimulated with IL-12 plus
IL-18 (Figure S5B). We also confirmed that there were no differ-
ences in the mRNA levels of SOCS3, PTPN6/SHP1, PTPN11/
SHP2, CD45, PTP1B, and PIASX between Kdm5a+/+ and
Kdm5a/ NK cells (Figure S5A). Although SOCS2 was upregu-
lated in Kdm5a/ NK cells (Figure 4A), IL-12-mediated STAT4
activation is unaffected by the absence of SOCS2 (Knosp
et al., 2011).
Figure 2. Decreased Resistances of Kdm5a/ Mice to Lm Infection
(A) ELISA of serum IFN-g in Kdm5a+/+ and Kdm5a/ mice after i.p. injection of 1 3 105 Lm. These data represent one experiment of three independent
experiments and mean ± SD of triplicate samples from groups of three mice (**p < 0.001, Student’s t test).
(B) Flow cytometry analysis of IFN-g expression in NK cells from Kdm5a+/+ and Kdm5a/mice 24 hr after infection with Lm. Numbers adjacent to outlined areas
indicate percentage of IFN-g-producing NKp46+CD3 cells. IFN-gMFIs were calculated (right). Similar results were obtained in three independent experiments.
Data are shown as mean ± SD of triplicate samples from groups of three mice.
(legend continued on next page)
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To further investigate whether upregulated SOCS1 is the key
reason for impaired STAT4 activation in Kdm5a/ NK cells,
we silenced SOCS1 in NK cells with specific small interfering
RNA (siRNA). Knockdown of SOCS1 in Kdm5a/NK cells could
recover the IFN-g production (Figure S5B). Furthermore, knock-
down of SOCS1 not only enhanced the phosphorylation of
STAT4 in Kdm5a+/+ NK cells, but also restored the impaired
phosphorylation of STAT4 in Kdm5a/ NK cells (Figure 4E).
However, the expression of T-box transcription factor T-bet,
an important regulator of IFN-g expression in all cell types, was
not significantly altered in Kdm5a/ NK cells (Figure 4E), which
was consistent with the previous study that host resistance and
the generation of IFN-producing NK cells in response to Lm
infection were not substantially compromised in the absence
of T-bet (Way andWilson, 2004). Taken together, these data indi-
cated that SOCS1 might be a Kdm5a-controlled switch mole-
cule, which inhibited the IL-12-activated JAK-STAT signaling
pathway and IFN-g expression in Kdm5a/ NK cells.
Open Chromatin State of the Socs1 Promoter in
Kdm5a/ NK Cells
Enrichments of H3K4me3 and H3 acetylation (H3Ac) are indica-
tive of an open, accessible chromatin structure (Black et al.,
2012; Ruthenburg et al., 2007). We proposed that Kdm5a might
directly repress SOCS1 transcription through demethylation of
H3K4me3. Chromatin immunoprecipitation (ChIP) assays re-
vealed that Kdm5a was enriched at the Socs1 promoter region
in freshly isolated splenic NK cells both before and after IL-12
plus IL-18 stimulation (Figure 5A). Notably, a DNase I sensitivity
assay also showed greater increases of chromatin accessibility
of the Socs1 promoter in Kdm5a/ NK cells during IL-12 plus
IL-18 stimulation (Figure 5B). The data indicated that the en-
riched Kdm5a at the Socs1 promoter maintained a closed chro-
matin structure.
Through ChIP assays, we observed the existence and eleva-
tion of H3K4me3 and H3Ac at the Socs1 promoter after IL-12
plus IL-18 stimulation (Figure 5C). But, only H3Ac was elevated
across the Ifng promoter after IL-12 plus IL-18 stimulation (Fig-
ure 5D). Furthermore, in NK cells before or after IL-12 and IL-
18 stimulation, loss of Kdm5a resulted in increased enrichments
of H3K4me3 and H3Ac at the Socs1 promoter (Figures 5E and
5F). Overall, when Kdm5a was specifically recruited to the
Socs1 locus in NK cells, it maintained a lower H3K4me3 modifi-
cation there and repressed SOCS1 transcription at the chro-
matin level.(C and D) The qRT-PCR assay of tumor necrosis factor (TNF) mRNA and IL-6 mR
Kdm5a/ and control mice 24 and 48 hr after infection with Lm. Data are shown
pendent experiments (**p < 0.001, Student’s t test).
(E) The bacterial burden in liver and spleen from Kdm5a+/+ and Kdm5a/ mice 3
independent experiments (*p < 0.05, Student’s t test). CFU, colony-forming unit.
(F and G) Two days after Lm infection, serum was collected from Kdm5a+/+ and K
infection. TNF-a and IL-6 protein levels were determined by ELISA. Data are sho
Student’s t test).
(H) Splenic NK cells (23 106 cells per mouse) from Kdm5a+/+ orKdm5a/mice an
depletedNK cells by PK136. Ctrl, non-depleted NK cells (IgG). After 24 hr, micewe
determined. Error bars represent ± SD of samples from groups of four mice (ns,
(I) Bacterial burden in liver and spleen in NK cell-depletedmice transferred with Kd
of 1 3 105 Lm. These data represent one of three independent experiments. Erro
292 Cell Reports 15, 288–299, April 12, 2016Nuclear p50 Recruits Kdm5a to the Socs1 Promoter in
Resting NK Cells
To investigate the mechanism of gene-specific targeting of
Kdm5a to the Socs1 gene locus in resting NK cells, we analyzed
conserved promoter sequences of Socs1, and we found a puta-
tive NF-kB-binding site that was highly overlapped with a previ-
ously identified STAT-binding site at a proximal promoter of
Socs1 (Chang et al., 2012). As shown in Figure 6A, this region
displayed a 5-bp 50-GGGRN- 30 half-site that is recognized by
p50 (Siggers et al., 2012). Previous studies proposed a model
in which the repressive properties of NF-kB were mediated by
nuclear p50 homodimer in resident cells (Ledebur and Parks,
1995; Udalova et al., 2000). More importantly, p50 homodimer
indeed associates with chromatin regulators to repress gene
transcription (Elsharkawy et al., 2010; Wilson et al., 2015; Zhong
et al., 2002), and, in most cases, Kdm5a is a member of these
repressive complexes (DiTacchio et al., 2011; Hayakawa and
Nakayama, 2011). Thus, we proposed that p50 might recruit
Kdm5a to the Socs1 promoter to repress SOCS1 transcription
in resting NK cells.
First, we detected p50, but not p65, in the nucleus of resting
splenic NK cells (Figure 6B). ChIP assay confirmed that p50
bound to the Socs1 promoter region spanning residues 520
to 700, including the 5-bp half-site (Figure 6C). Reciprocal ex-
periments also confirmed the association between p50 and
Kdm5a in HEK293T cells (Figure 6E; Figure S6A), but the interac-
tion did not exist between p65 and Kdm5a (Figures S6B and
S6C). Furthermore, through IP of Kdm5a or p50 from nuclear ex-
tracts of resting splenic NK cells, we found that they indeed inter-
acted with each other (Figure 6D). We then investigated whether
the recruitment of Kdm5a to the Socs1 promoter depended on
p50 in resting NK cells. Freshly isolated splenic NK cells were
transfected with siRNA to knockdown p50, which resulted in up-
regulated SOCS1 expression at protein and mRNA levels in
resting NK cells (Figures 6F and 6G). ChIP assay showed that
the abundance of Kdm5a at the Socs1 promoter was impaired
due to silencing of p50 (Figure 6H). The results demonstrated
that p50 recruited Kdm5a to the Socs1 promoter in resting NK
cells, and they emphasized a gene-specific repressive role of
p50-Kdm5a complexes in SOCS1 expression.
DISCUSSION
In this study, we demonstrate that Kdm5a associates with p50 to
decrease H3K4me3 modification and maintains the repressiveNA in peritoneal macrophages (C) and ELISA of serum TNF-a and IL-6 (D) from
as mean ± SD of triplicate wells. Similar results were obtained in three inde-
days after i.p. injection of 1 3 105 Lm. Similar results were obtained in three
dm5a/ mice that were treated with IgG control or IFN-g antibody 18 hr after
wn as mean ± SD of triplicate samples from groups of three mice (**p < 0.001,
d PBSwere intravenously (i.v.) transferred into wild-typemice, whichwere pre-
re then i.p. injectedwith 13 105 Lm. After 24 and 48 hr, serum IFN-g levels were
non-significant; **p < 0.001, Student’s t test).
m5a+/+NK cells and Kdm5a/NK cells, respectively, 3 days after i.p. injection
r bars represent ± SD (*p < 0.05, Student’s t test).
Figure 3. Impaired Phosphorylation of STAT4 and Less Nuclear Translocation of STAT4 in Kdm5a/ NK Cells in Response to IL-12
Stimulation
(A) Intracellular p-STAT4 was analyzed in Kdm5a-+/+ and Kdm5a-/ splenic NK cells after stimulation with IL-12 for 30 min. These data represent one of three
independent experiments, and the mean ± SD of triplicate samples from groups of three mice is shown (right) (**p < 0.001, Student’s t test).
(B) Immunoblot analysis (IB) of the phosphorylated (p-) or total STAT4 and Jak2 protein in lysates of Kdm5a+/+ and Kdm5a/ NK cells stimulated with IL-12
(10 ng/ml) for the indicated time. Total protein and b-actin served as loading controls. These data represent one of three independent experiments.
(C) Kdm5a deficiency decreased phosphorylated STAT4 (p-STAT4) and STAT4 nuclear translocation in response to IL-12 stimulation. Cytoplasmic and nuclear
extracts were prepared from Kdm5a-+/+ and Kdm5a-/ splenic NK cells after stimulation with IL-12 (10 ng/ml) for the indicated time, and they were immuno-
blotted with the indicated antibodies. These data represent one of three independent experiments.
(D) The frequencies of IFN-g-producing NKp46+ cells were determined by flow cytometry gated on splenic CD3 NK cells from Stat4+/+ and Stat4/ mice
stimulated with IL-12, IL-12 plus IL-18, or PMA plus ionomycin. IFN-gMFIs were calculated (right). These data represent one of three independent experiments
and the mean ± SD of triplicate mice is shown (right) (**p < 0.001, Student’s t test).chromatin configuration at the Socs1 promoter in resting NK
cells, thus priming the resting NK cells to be fully activated in
the innate response against invading pathogen. Previous studies
have enabled the identification of the relationship between TLR-induced chromatin modification and stimulus-responsive gene
regulation for immune response, especially in myeloid immune
cells (Cao, 2015; Zhang et al., 2015; Smale et al., 2014; Xia
et al., 2013). Our studies unveil the role of epigenetic regulatorCell Reports 15, 288–299, April 12, 2016 293
Figure 4. Kdm5a Amplifies JAK2-STAT4 Signaling through Suppression of SOCS1 Expression
(A) Log2 ratio of mRNA variations of the indicated genes in Kdm5a-deficient NK cells unstimulated (left) or stimulated with IL-12 plus IL-18 for 4 hr (right) is shown.
(B) The qRT-PCR assay of IFN-g and SOCS1 mRNA expression in Kdm5a+/+ and Kdm5a/ NK cells stimulated with IL-12 (10 ng/ml) plus IL-18 (5 ng/ml). Data
represent means ± SD of triplicate samples (*p < 0.05, Student’s t test).
(C) IB of the SOCS1 protein in lysates of Kdm5a+/+ and Kdm5a/ splenic NK cells stimulated for the indicated time points with IL-12 (10 ng/ml) plus IL-18
(5 ng/ml). b-actin served as the loading control. These data represent one of three independent experiments.
(D) NK cells from Kdm5a+/+ and Kdm5a/mice were transfected with SOCS1 siRNA (si-SOCS1) or negative scrambled siRNA (NC), respectively. The efficiency
of SOCS1 knockdownwas determined by IB of the SOCS1 protein in lysates fromNK cells (left). Secretion of IFN-gwas determined by ELISA 8 hr after stimulation
with IL-12 plus IL-18. These data represent one of three independent experiments and themean ±SD of triplicate samples is shown (ns, not significant; *p < 0.05).
(E) NK cells from Kdm5a+/+ and Kdm5a/ mice were transfected with SOCS1 siRNA (si-SOCS1) or negative control siRNA (NC), respectively. After stimulation
with IL-12 plus IL-18, the level of STAT4 phosphorylation was determined by western blotting. These data represent one of three independent experiments.in empowering NK cells for the activation via optimal cross-regu-
lation of signaling pathway in the innate immune response.
Kdm5a, initially discovered as a retinoblastoma (RB)-binding
protein, was reported in that the loss of Kdm5a led to decreased294 Cell Reports 15, 288–299, April 12, 2016apoptosis (Klose et al., 2007). Our studies showed that there
were no significant differences in the percentage and the abso-
lute number of NKp46+CD3 NK cells in various lymphoid tis-
sues. The data demonstrate that NK cell development and
Figure 5. Kdm5a Deficiency Increases the Chromatin Accessibility of the Socs1 Promoter in NK Cells
(A) ChIP analysis of the recruitment of Kdm5a to the Socs1 promoter regions with anti-IgG or anti-Kdm5a antibody in NK cells stimulated with IL-12 plus IL-18 for
0, 1, and 3 hr, respectively. Socs1 promoter sequences in input DNA and DNA recovered from antibody-bound chromatin segments were detected by semi-
qPCR . IgG served as a ChIP control and Input as loading control. These data represent one of three independent experiments.
(B) Chromatin accessibility of the Socs1 promoter region by qRT-PCRwith DNase I-pretreated nucleus of Kdm5a+/+ and Kdm5a/NK cells after stimulation with
IL-12 (10 ng/ml) plus IL-18 (5 ng/ml) for the indicated time. Results were presented as fold change concluded with 2DCt, with relative to Kdm5a+/+ NK cells resting
set as 1. Error bars represent ± SD of triplicate samples (*p < 0.05, Student’s t test).
(C and D) ChIP analysis for the presence of H3 trimethy-lys 4 and H3 acetylation at the Socs1 (C) or Ifng (D) promoter in wild-type splenic NK cells stimulated with
10 ng/ml IL-12 plus 5 ng/ml IL-18 for 3 hr. The amount of Socs1 promoter DNA specifically immunoprecipitated by the specific antibody was quantified by real-
time PCR. Results were compared with control group and presented as fold change. Error bars represent ± SD of triplicate samples.
(E and F) ChIP assays were performed on total protein from Kdm5a+/+ and Kdm5a/ splenic NK cells stimulated with IL-12 (10 ng/ml) plus IL-18 for 0, 1, and 3 hr,
respectively. The amount of Socs1 promoter DNA specifically immunoprecipitated by the specific antibodies (E, H3K4me3; F, H3Ac) were quantified by qPCR,
respectively. Results were compared with control group and presented as fold change. Error bars represent ± SD of triplicate wells from one representative
experiment of three independent experiments (*p < 0.05, Student’s t test).
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Figure 6. Kdm5a Recruited by P50 to Target
the Socs1 Promoter in Resting NK Cells
(A) Putative NF-kB-binding sequence with an
overlapping STAT-binding site is shown.
(B) Cytoplasmic and nuclear extracts from splenic
NK cells stimulated with IL-12 plus IL-18 were
immunobotted using the indicated antibodies.
Cytoplasmic actin and nuclear LaminA/C served
as the loading controls. These data represent one
of three independent experiments.
(C) ChIP analysis of the recruitment of p50 to the
Socs1 promoter regions with anti-IgG or anti-p50
antibody in NK cells stimulated with IL-12 plus IL-
18 for 0, 1, and 3 hr, respectively. Socs1 promoter
sequences in input DNA and DNA recovered from
antibody-bound chromatin segments were de-
tected by semi-qPCR . IgG served as a ChIP
control and Input as loading control. These data
represent one of three independent experiments.
(D) IB of Kdm5a and p50 immunoprecipitated with
anti-Kdm5a or anti-p50 in nuclear extracts from
resting NK cells. These data represent one of three
independent experiments. IgG, normal rabbit
immunoglobulin G (control).
(E) The HEK293T cells were transfected for 24 hr
with plasmids encoding FLAG-p50 and Myc-
Kdm5a-expressing plasmid. IPs were performed
using anti-Myc and then immunoblotted with anti-
FLAG and anti-Myc.
(F and G) NK cells were transfected with p50
siRNA (siRNA-p50, F) or negative control siRNA
(siRNA-NC, G). p50 protein and mRNA levels were
determined by western blotting or qPCR 48 hr
later, respectively. Error bars represent ± SD of
triplicate samples from one of three independent
experiments (*p < 0.05, Student’s t test).
(H) ChIP-qPCR analysis for the presence of
Kdm5a at the Socs1promoter in resident NK cells
transfected with siRNA-p50 or siRNA-NC for 48 hr
(left). Socs1 promoter DNA in input DNA and DNA
recovered from antibody-Kdm5a-bound chro-
matin segments were detected by semi- qPCR
from NK cells transfected with siRNA-p50 stimu-
lation with IL-12 plus IL-18 (right). Input served as
the loading control. Results were presented as fold
change and error bars represent ± SD of triplicate
samples (*p < 0.05, Student’s t test).maturation are independent of Kdm5a. It’s well known that NK
cell-derived IFN-g is particularly important in protecting the
host in the early course of infection with viruses or intracellular
bacteria (Long et al., 2013; Pamer, 2004; Yokoyama, 2005).
Our results further showed that Kdm5a deficiency led to
decreased IFN-g release of NK cells in vitro when stimulated
with IL-12 or in vivo when infected with Lm. Upon infection
with Lm , Kdm5a/mice exhibited substantially higher bacterial
titers in the spleen and liver compared with Kdm5a+/+ littermate
mice. Using NK cell-depleted wild-type mice as recipients, we
demonstrated that adoptively transferred Kdm5a+/+ NK cells
have more competence than Kdm5/NK cells to limit Lm infec-
tion and rescue the serum IFN-g levels. Kdm5a+/ mice on a
C57BL/6 background were crossbred onto an SJL/J back-
ground, which did not express NK 1.1, to generate amixed back-296 Cell Reports 15, 288–299, April 12, 2016ground Kdm5a/ mice (Klose et al., 2007). Thus, NK1.1 rarely
presents in Kdm5a/ NK cells, and it’s hard for us to use NK
cell-depleted Kdm5a/ mice as the recipients for precisely
proving that the impaired NK cell activation was the only reason
for the impaired Lm infection limiting in Kdm5a/ mice.
Like T cells, NK cells also required priming for full activation
in vivo (Chaix et al., 2008). It has been known that the long-range
pattern of histone acetylation along the Ifng locus in NK cells is
established during lineage development and is maintained dur-
ing cell division independent of active IFN-g transcription (Chang
and Aune, 2005). Unlike T cells, murine NK cells produce IFN-g
under conditions of short-term cytokine stimulation, and these
events are independent of proliferation and epigenetic modifica-
tion of the Ifng promoter (Tato et al., 2004). In response to path-
ogen infection, myeloid cell-derived IL-12 rapidly induces
phosphorylation and nuclear translocation of STAT4, which has
been shown to be important in promoting cytotoxicity and IFN-g
secretion in NK cells (Orange and Biron, 1996; Thierfelder et al.,
1996; Vivier et al., 2012). In this study, we found that Kdm5a defi-
ciency impaired the phosphorylation and nuclear translocation
of STAT4 in IL-12-stimulated NK cells. Moreover, robust gener-
ation of NK cell memory during mouse cytomegalovirus
(MCMV) infection requires STAT4-dependent signal (Sun et al.,
2012). Whether Kdm5a plays an important role in promoting
memory of NK cells during long-term pathogen infection needs
to be further investigated.
Furthermore, unlike T cells, once NK cells were in the periph-
ery, resting NK cells had open chromatin status in the Ifng gene
region for rapid transcription activation under conditions of
short-term cytokine stimulation (Chang and Aune, 2005; Tato
et al., 2004). However, for long-term pathogen infection, whether
the activated STAT4 can induce epigenetic programming of the
Ifng locus during memory of NK cells needs to be investigated;
and, chromatin modifiers, including Kdm5a, may be involved in
this process.
Furthermore, we found a strong correlation between the
increased expression of SOCS1 and Kdm5a deficiency.
Although SOCS2 also was upregulated in Kdm5a-deficient NK
cells, IL-12-mediated STAT4 activation is unaffected by the
absence of SOCS2 (Knosp et al., 2011). SOCS1 plays an essen-
tial role in negatively regulating JAK-STAT signaling (Shuai and
Liu, 2003). Mice deficient for SOCS1 develop severe colitis and
show increased apoptosis in lymphoid organs and increased
levels of IFN-g in the serum, which is consistent with our obser-
vations in this study (Chinen et al., 2006; Hanada et al., 2006). As
a JAK-STAT-induced negative regulator, SOCS1 is not induced
directly by STAT4 (Davey et al., 2006). However, the definite
mechanisms involved in regulating SOCS1 expression are very
poorly understood, especially the epigenetic regulation.
Kdm5a deficiency elevated the levels of HK3K4me3 and H3Ac
at the Socs1 promoter in resting NK cells, especially after stimu-
lation with IL-12 plus IL-18. Consequently, increased active
modification markers enhance the chromatin accessibility of
the Socs1 promoter.
For gene-specific epigenetic regulation in resting NK cells,
certain trans-acting factors may recruit Kdm5a to the Socs1
promoter. This and other studies (Chang et al., 2012; Siggers
et al., 2012) reported a G-rich p50 homodimer recognition motif
at the promoter of the Socs1 gene (50-GGGAA-30), which medi-
ated gene-specific p50 homodimer-dependent repression
(Cheng et al., 2011). Additionally, Kdm5a contains a DNA-bind-
ing domain, the AT-rich interaction domain (ARID). Some
studies show that Kdm5a prefers to bind the conserved motif
(CCGCCC) and ARID is required for Kdm5a demethylase activ-
ity (Patsialou et al., 2005; Tu et al., 2008). We analyzed the pro-
moter sequences of Socs1, Socs2, and Socs3, and we found
this conserved motif at the promoter of Socs1 and Socs2
near the G-rich p50 homodimer recognition motif, but not
Socs3. We presumed that it might be one explanation for no
changed expression of SOCS3 in Kdm5a/ mice. Our results
showed that nuclear p50 existed in resting NK cells and
Kdm5a interacted with p50 in the nuclear extracts. We also
found that p50 and Kdm5a simultaneously bound to theSocs1 promoter in resting NK cells. As we know, p50 homo-
dimer conducts a repressive role in transcription regulation,
but epigenetic regulators that assist p50 homodimer in repres-
sing gene transcription at the chromatin level are elusive. Our
results provide the fact that p50 together with its binding part-
ner Kdm5a can establish a closed chromatin status at the gene
promoter during lineage commitment. Moreover, Kdm5a-medi-
ated demethylation of H3K4me3 may be a key mechanism for
the repressive role of p50 homodimer in transcription regula-
tion, providing clues to the investigation of p50 in other cell
models.
Collectively, we have demonstrated that Kdm5a provides a
layer for upholding and enhancing the function of NK cells at
the chromatin level, especially in the resting state of NK cells.
Kdm5a, recruited by p50, decreases the chromatin accessibility
of the Socs1 promoter, and, thus, it plays an important role in
switching on rapid immune response mediated by the NK cell
for efficient resistance to pathogen infection. Further studies
will clarify more epigenetic regulation mechanisms in controlling
NK cell reactivity in innate immune response.
EXPERIMENTAL PROCEDURES
Plasmids, antibodies, ELISA kits, and other reagents used, as well as detailed
experimental procedures can be found in the Supplemental Experimental
Procedures.
Mice
C57BL/6, BALB/c, and SJL/J mice at 6–8 weeks of age were obtained from
Joint Ventures Sipper BK Experimental Animal Company. B6.129S6 (C57)-
Rbp2tm1.1Kael/J (Km5a+/) mice and mice homozygous for Stat4tm1Gru
(BALB/c background) were obtained from The Jackson Laboratory. Kdm5a+/
mice originate from a 129S6/SvEv background, and homozygous mice on a
B6.129S6 (C57)-Rbp2tm1.1Kael/J background die right after birth, so
Kdm5a+/ mice on a C57 background were crossbred onto an SJL/J back-
ground to generate mixed-background Kdm5a/ mice (Klose et al., 2007).
The rate of Kdm5a/ progeny is relatively low, only about 5%. Most impor-
tantly, mouse NK1.1 is an antigen expressed by NK cells, but it is not ex-
pressed in several commonly used laboratory strains (129S6/SvEv or SJL/J).
Notably, Kdm5a gene is in the same chromosome (chr6) with the gene coding
NK1.1, so NK1.1 rarely presents in Kdm5a/mice. In our study, NK cells were
identified by NKp46+CD3 in all the flow cytometry experiments. Also, 4- to
6-week-old and littermate mice (body weight and sex balanced) were used.
Mice were housed under specific pathogen-free conditions. All animal exper-
iments were performed in accordance with the NIH Guide for the Care and Use
of Laboratory Animals, with the approval of the Scientific Investigation Board
of Second Military Medical University, Shanghai.
Cells
Mouse splenocytes were pre-depleted by anti-CD3+-coated magnetic beads
and then purified by DX5+-coatedmagnetic-activated cell sorting (MACS) (Mil-
tenyi Biotech), and the cell purity was confirmed to be over 90% by fluores-
cence-activated cell sorting (FACS). Splenic CD4+ T cells also were purified
by MACS (Miltenyi Biotech) from Kdm5a+/+ and Kdm5a/ mice, and the cell
purity was confirmed to be over 90%. The cells were stimulated with IL-12
at the indicated time after culture in the presence of plate-bound anti-CD3
(1 mg/ml) for 3 days. Freshly purified splenic NK cells were cultured in the pres-
ence of human IL-2 (1,000 U/ml), and then they were transfected with siRNA-
p50, siRNA-SOCS1, or siRNA-NC (scrambled siRNA) for 48 hr in the assay of
SOCS1 or STAT4 phosphorylation levels. For qRT-PCR assay, splenic CD8+
T cells and B cells also were purified by MACS (Miltenyi Biotech), and bone
marrow-derived (BM) dendritic cells (DCs) or bone marrow-derived macro-
phages (BMM) were prepared as described (Liu et al., 2011; Foster et al.,Cell Reports 15, 288–299, April 12, 2016 297
2007). Bone marrow-derived mast cells (BMMCs) were cultured in the pres-
ence of IL-3 and stem cell factor for at least 4 weeks.
Bacterial Culture, Infection, and Quantification
Mice were inoculated i.p. with 1 3 105 virulent Lm. Bacteria in the spleen and
liver were measured at the appropriate time after infection by homogenization
and lysis of tissues in 5 ml 0.05% (v/v) Triton X-100, followed by plating onto
brain-heart infusion plates. Total colonies per liver or spleen were counted af-
ter incubation overnight at 37C as described previously (Ma et al., 2011).
Statistical Analysis
All the experiments were independently repeated at least three times. Results
are given as mean ± SD. Comparisons between two groups were done using
Student’s t test (GraphPad Prism 5). Statistical significancewas determined as
*p < 0.05 and **p < 0.001.
SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at http://dx.doi.org/
10.1016/j.celrep.2016.03.035.
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